Objective: An important aspect of the rehabilitation of cognitive and linguistic function subsequent to brain injury is the maintenance of learning beyond the time of initial treatment. Such maintenance is often not satisfactorily achieved. Additional practice, or overtraining, may play a key role in long-term maintenance. In particular, the literature on learning in cognitively intact persons has suggested that it is testing, and not studying, that contributes to maintenance of learning. The present study investigates the hypothesis that continuing to test relearned words in persons with anomia will lead to significantly greater maintenance compared with continuing to study relearned words. Method: The current study combines overtraining with the variable of test versus study in examining the effects of overtesting and overstudying on maintenance of word finding in 3 persons with aphasia. First, treatment successfully reestablished the connections between known items and their names. Once the connections were reestablished (i.e., items could be named successfully), each item was placed into 1 of 4 overtraining conditions: test and study, only test, only study, or no longer test or study. Maintenance was probed at 1 month and 4 months following the end of overtraining. Results: The results are consistent with an advantage of testing compared with studying. All 3 participants showed significantly greater maintenance for words that were overtested than for words that were overstudied. This testing benefit persisted at 1 month and 4 months after completion of the treatment. In fact, there was no clear evidence for any benefit of overstudying. Conclusions: The present study demonstrates that overtesting, but not overstudying, leads to lasting maintenance of language rehabilitation gains in patients with anomia. The implications for the design of other treatment protocols are immense.
psychology and education has focused on principles of learning that enhance retention of knowledge and information in neurologically intact children and adults. Variables such as massed versus distributed practice, blocked versus mixed practice, and studying versus testing have been investigated and found to be important in the design of learning paradigms. Factors that improve learning in unimpaired adults and children may be good candidates for relearning, or rehabilitation, of cognitive functions subsequent to brain injury. However, with a few exceptions, these variables have not found their way into the rehabilitation research literature. One study (Middleton, Schwartz, Rawson, & Garvey, 2015) demonstrated that retrieval practice facilitated improvement of naming in a population of both fluent and nonfluent PWA, measured at 1 day and 1 week following the end of treatment. These results provide preliminary evidence of enhanced maintenance of relearned material following retrieval practice, but the length of this benefit remains in question.
Often, treatments for aphasia promote only temporary performance gains; Patients can learn the information initially, but they do not retain it. One factor that may contribute to successful learning in rehabilitation is overlearning. In overlearning paradigms, items continue to be practiced beyond the point at which they are learned to criterion. In the learning and education literature, it has been asserted that in order for learned material to be retained it must be practiced beyond the point of initial competence (Samuels, 1988) . This concept has been applied with success in studies of treatment for various aspects of aphasia, including anomia (McNeil et al., 1998) , apraxia (Wambaugh, Martinez, McNeil, & Rogers, 1999) , and alexia (Lott, Carney, Glezer, & Friedman, 2010; Lott, Sperling, Watson, & Friedman, 2009 ). Typically, these language rehabilitation paradigms overtrain the entire set of items until most items have been learned. However, this is a time-intensive procedure that is limited in its application. An alternative paradigm would be to monitor performance on each of the individual items and to drop out each item from training as it is "learned," that is, produced correctly on consecutive sessions. This design, which allows the participant to concentrate on the more problematic items, may be a more efficient way to learn. The paradox is that the dropout paradigm eliminates the possibility of overtraining the learned items.
Another factor receiving considerable attention of late is the test effect, the finding that repeated testing improves long-term maintenance of learned materials (Karpicke & Roediger, 2008; Rawson & Dunlosky, 2011) . Although the benefit of active retrieval, or testing, has been known for some time (Tulving, 1967) , recent research has explored in detail the contributions of studying versus testing in long-term maintenance of learning in neurologically intact individuals (Carpenter & DeLosh, 2005; Carrier & Pashler, 1992; Karpicke & Roediger, 2007; McDaniel, Roediger, & McDermott, 2007; Meyer & Logan, 2013; Rogalski et al., 2014) . Results from experimental and classroom studies have suggested that additional studying contributes little to long-term retention, whereas the contribution of additional testing is substantial (Karpicke & Roediger, 2007; Roediger & Karpicke, 2006b) .
In paired associate learning, testing can be considered any situation in which the first item in the pair is given and it is incumbent upon the participant to produce the second item in the pair. Indeed, the testing effect can be obtained simply by presenting the first item a few seconds prior to the second, even when no response is required (Metcalfe & Kornell, 2007) . This is in contrast to studying, in which the two items (e.g., a picture and a word) are presented simultaneously.
The advantage of testing over studying has been attributed to practice with retrieval (Karpicke & Roediger, 2007; Middleton et al., 2015; Roediger & Karpicke, 2006a , 2006b . That is, the measure of success is how one ultimately performs on a test, so it stands to reason that practicing taking a test would improve performance on a test. This explanation has its roots in notions of transfer-appropriate processing (Morris, Bransford, & Franks, 1977) . The benefit of testing might also be attributed to the increased anxiety that testing might induce, leading to heightened arousal and consequently greater attention and better learning. A third possibility is that the testing effect in paired associate learning is the result of spreading activation within the semantic network (Anderson, 1983; Collins & Quillian, 1972) , leading to multiple, elaborative associations between the items (Carpenter, 2009) . Finally, it has been proposed that the act of retrieving a response requires greater cognitive effort than does that of simply viewing the response and that this is responsible for greater depth of learning (Carpenter, 2009) .
Can the test effect be applied to aphasia rehabilitation? The research on the test effect has typically taken place within the context of new learning, whereas aphasia rehabilitation can be viewed as the "relearning" of old information. However, it is not known whether, when PWAs "recover" the ability to name an object, they are learning the name anew (perhaps by a different pathway) or are strengthening that which is known but now exists in a weakened state. In either case, though, it is the association of the name with the object-the retrieval of the target (the name) given the cue (the object)-that is being strengthened. If the advantage of testing over studying is attributable to practice with retrieval, then it should surely apply in situations where the person's difficulty is with word retrieval, as is the case in patients with output anomia. This is the rationale that motivated the Middleton et al. (2015) study.
Retrieval practice is even more likely to be effective in the present study, where we are specifically focusing on the process of retrieving information that has already been successfully stored. All words are being relearned in exactly the same way. Our test versus study variable is applied only once participants have demonstrated retention of the word on two consecutive sessions. That is, we are not applying the principle to relearning but rather to retaining that which has been successfully learned.
Preliminary studies have applied the test effect paradigm to improve memory in patient populations such as those with multiple sclerosis Sumowski et al., 2013) and traumatic brain injuries (Pastotter, Weber, & Bauml, 2013; Sumowski, Wood, et al., 2010) . The effect appears to be quite robust and is not limited to verbal learning studies. Despite the breadth of studies applying the test effect, the paradigm has not been directly tested in language rehabilitation settings, where long-term maintenance of relearned items is of great importance. The one exception is Middleton et al. (2015) , which did examine the effects of "test-enhanced learning (p. 1253). In that study, persons with anomia attributed to a failure to retrieve words (output anomia) demonstrated improved naming at 1 day and 1 week posttreatment. However, long-term maintenance beyond 1 week was not assessed. Additionally, the Middleton et al. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
study focused on the differences between treatment strategies during the learning phase. In the current study, we focus on the factors that contribute to successful long-term maintenance following (re)learning of words that are not easily named in persons with output anomia following stroke. The current study uses an overlearning paradigm to determine the effects that overstudying and overtesting have on long-term maintenance of (re)learned items. We hypothesized that additional testing of relearned words would lead to greater retention of words than would additional studying of relearned words in PWA. We predicted that this benefit would persist at both 1 month and 4 months following the end of treatment (a length of time rarely probed in rehabilitation studies; Wisenburn & Mahoney, 2009 ). In addition, we hypothesized that each overtraining condition would be more beneficial than would the no overtraining condition. Last, we hypothesized that the combined overtesting and overstudying condition would lead to the greatest performance at each time point compared to only overtesting or overstudying alone.
Method Participants
Three individuals with aphasia who met the following criteria were recruited to participate: output anomia, at least 12 months poststroke, native English speaker, and at least 10 years of formal education. All participants gave written informed consent approved by the Georgetown University Institutional Review Board and received financial compensation for their participation in the study.
The first participant, YPR, was a left-handed 52-year-old former teacher and pastor with a master's degree. He suffered a right middle cerebral artery infarct 3 years prior to his participation in our study. At the time of enrollment in the study, he presented with fluent speech, moderate-to-severe anomia, and an aphasia quotient (AQ) of 58.8 on the Western Aphasia Battery (WAB; Kertesz, 2006 ; see Table 1 ). His auditory comprehension was functional for everyday use. His lesion extended from the anterior pole of the temporal lobe to the occipitoparietal junction, with extension into the parietal lobe and posterior parts of the frontal lobe.
The second participant, ODH, was a 71-year-old right-handed high school graduate who was heavily involved in volunteer activities prior to her stroke. She suffered a left posterior temporal lobe infarct 1 year prior to her enrollment in the study. ODH presented with fluent speech, moderate anomia, relatively good auditory comprehension, and an AQ of 79.3 on the WAB.
The third participant, CLN, was a 65-year-old left-handed high school graduate with 1 year of college education who worked for the government and volunteered as a referee in a local softball league. She suffered a left temporoparietal infarct approximately one year prior to entering the study. She presented with fluent aphasia, moderate anomia, and a WAB AQ of 77.3. Her auditory comprehension was functional for daily activities.
Measures
The participants' performance on semantic tasks across modalities (see Table 2 ) demonstrates that none had a significant semantic impairment. All participants were consequently classified as having output anomia. Goodglass, Kaplan, and Barresi (2001) . c The BDAE Auditory Comprehension score is the mean of the three subtest percentiles.
d Kaplan, Goodglass, and Weintraub (2001) . This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Additionally, standardized and nonstandardized language tests were administered at baseline by a speech-language pathologist to ensure that the participants had adequate auditory comprehension and speech output for participation in the treatment protocol. The Boston Diagnostic Aphasia Examination (3rd ed.; Goodglass, Kaplan, & Barresi, 2001 ) and the Boston Naming Test (2nd ed.; Kaplan, Goodglass, & Weintraub, 2001 ) were readministered at 1 and 4 months posttreatment to assess changes in general language and word-naming abilities.
Cognitive testing. Participants completed a cognitive assessment battery to rule out the presence of any significant cognitive deficits that would impair their ability to learn the treatment items. Tests included the Test of Nonverbal Intelligence (Brown, Sherbenou, & Johnsen, 1997) , the Visual Form Discrimination Test (Benton, Sivan, Hamsher, Varney, & Spreen, 1994) , and the Biber Figure Learning Test (Glosser, Goodglass, & Biber, 1989) .
Stimuli. Prior to treatment, participants were asked to name 384 black-and-white pictures with high name agreement (e.g., cowboy, motorcycle, turtle) presented sequentially on a computer screen. The pictures were named on three separate occasions, 1 week apart. Following the third session of picture naming, we identified 120 items for each participant that were named incorrectly in each of the three sessions.
1 For each of the 120 chosen items, the participants were also asked to name an alternate blackand-white picture depicting the same item. These "Exemplar 2 pictures" were not seen again until posttesting and were used to assess generalization.
For each participant, 24 of the 120 pictures were chosen to serve as control items and were not tested again until the follow-up sessions. The control items were chosen to be representative of the 120 items with regard to the following characteristics: semantic category; frequency; number of syllables, phonemes, and letters; and initial phoneme.
Procedure
Design. Treatment took place twice weekly and lasted approximately 2 hr per session. Each session included at least four alternating blocks of test and study trials. Participants took short breaks between and during treatment blocks as needed.
The first two sessions were practice sessions, and the order of blocks was Study 1, Test 1, Study 2, Test 2. All subsequent sessions were considered treatment and began with test blocks (i.e., the order was Test 1, Study 1, Test 2, Study 2). This enabled us to probe naming accuracy at the beginning of each session (the Test 1 block). An additional pair of blocks (Test 3 and Study 3) was added at the end of the session if time permitted.
Study procedure. During study blocks, each of the 96 trained pictures was presented on the screen along with its written name. Simultaneously, the prerecorded spoken name of the picture was played by the computer program through a pair of noise-canceling headphones worn by the participant. The participant was instructed to read or repeat out loud the name of the picture and then to "study" the picture and word until they disappeared from the screen 5 s later (see Figure 1) . The researcher controlled the pace of the presented items due to differences in participants' attention.
Test procedure. During test blocks, each picture was presented alone on a computer screen and the participant was asked to name the picture. After 5 s, the correct word was played through the headphones to provide feedback, regardless of the accuracy of the participant's response. This feedback was given at the end of each testing trial because it has been shown that feedback can enhance testing effects, particularly in older adults (Tse, Balota, & Roediger, 2010) . The computerized tasks were programmed in E-Prime 2.0 (Psychology Software Tools, Pittsburgh, PA). All sessions were recorded by both an audio recorder and a video camera. Sessions were scored by two independent raters to ensure reliability in scoring the participants' responses.
Beginning with Session 3, we tracked performance on the first test block of each session. Items were considered "learned" when they were named correctly on two consecutive Test 1 blocks. Once an item was learned, it was assigned to one of four overtraining conditions in a counterbalanced order (see Table 3 ). This manner of placing words in the four conditions controls for "difficulty" of the learned word, in that items learned early (for whatever subjectspecific reasons) are represented in all conditions and likewise for items that are learned later. Consideration was also given to word-specific parameters (e.g., frequency, category, length) when placing learned items in the four conditions so that these word characteristics were reasonably well balanced across the conditions. The four overtraining conditions are (1) continuing to test and study (TS) items, (2) continuing to only test items (T), (3) continuing to only study items (S), and dropout, where items are no longer studied or tested (O). All words that were not yet learned continued to be trained in all four blocks (Test 1, Study 1, Test 2, Study 2) of each session. Treatment continued until the participant ceased learning new items.
Follow-up testing. At 1 month and again at 4 months following conclusion of treatment, the participants returned to the lab for follow-up testing. In three separate sessions, with 1 week between consecutive sessions, they were asked to name the treatment and control pictures in three different pseudorandom orders. In a subsequent session, they were asked to name the second set of drawings (Exemplar 2 pictures) corresponding to their treatment items. All picture-naming tests also included 40 items that were consistently named correctly during the initial evaluation.
Statistical Analyses
In order to compare the different overtraining conditions, we conducted group chi-squared analyses between the different treat-1 Because of ODH's higher level of naming accuracy, she named only 96 items incorrectly in all three sessions; for her to reach 120 items, we included 24 items that were named incorrectly in two out of the three baseline sessions. Note. Numbers in parentheses represent the maximum possible score. YPR, ODH, and CLN represent the three participants. a Howard and Patterson (1992) .
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ment conditions at each time point. The chi-squared analyses allowed for direct testing between two treatment conditions, which we conducted for each of our hypotheses. As stated in the introduction, our primary hypothesis was to compare the effects of overtesting and overstudying at each of our follow-up time points (1 and 4 months posttreatment). We did this by comparing set T with set S at each time point. Second, to test the hypothesis that any overtraining is more beneficial than no overtraining, we compared each overtraining condition (TS, T, S) with no overtraining (O). Last, we compared the test and study condition (TS) with continuing to either test (T) or study (S) alone. Answering our hypotheses did not require testing for interaction effects. Therefore, we did not need to conduct logistic regression analyses, whose results would in any case be expected to be similar, given that the tests from the logistic regression model are asymptotically equivalent to the chi-square tests. 
Results

YPR
Effects of Testing and Studying at 1 Month Posttreatment
Results on the naming task at 1 month posttreatment were analyzed to test our main hypothesis that overtesting beyond initial learning is more beneficial than is overstudying beyond initial learning. Overtested items (T) were compared in chi-squared analyses to overstudied items (S) collectively for all participants. There was a significant advantage for overtested items compared to overstudied items, 2 (3, 348) ϭ 19.69, p Ͻ .0001, at 1 month following the end of training (see Figure 2) . Figure 3 presents the proportion of items named correctly in each overtraining condition at 4 months posttreatment. For all participants, the relative accuracy across treatment sets was very similar to that seen at 1 month posttreatment. Using chi-squared analysis as was explained earlier, we tested the main hypothesis that at 4 months posttreatment overtesting beyond initial learning is more beneficial than is overstudying beyond initial learning. There was a significant advantage for overtested items compared to overstudied items, 2 (3, 348) ϭ 13.39, p ϭ .0002, at 4 months following the end of training. (see Figure 3) .
Effect of Testing and Studying at 4 Months Posttreatment
Second Exemplar
To test whether the training generalized beyond the specific pictures on which the participants were trained, we presented the alternative black-and-white pictures of the trained items (Exemplar 2 pictures) once for naming at both 1-and 4-months posttreatment. At the 1 month mark there was a significant advantage for overtested items compared to overstudied items, 2 (3, 116) ϭ 7.89, p ϭ .0086; see Figure 4A ). At 4 months posttreatment a similar pattern emerged, but the effect of overtesting was not significantly different from overstudying, 2 (3, 116) ϭ.79, p ϭ .5047; see Figure 4B ).
Overtraining Effects
Chi-square analyses were conducted to test the second set of hypotheses, that each of the overtraining sets (sets TS, T, S) would lead to greater word maintenance at both 1 and 4 months posttreatment compared to the no overtraining set (set O).
At 1 month following the end of treatment, accuracy was significantly greater for both sets that contained overtesting, set TS: 2 (3, 345) ϭ 29.52, p Ͻ .0001; set T: 2 (3, 348) ϭ 39.64, p Ͻ .0001, but not for the overstudied set, set S: 2 (3, 348) ϭ 3.38, p ϭ .0834. The same analyses conducted at the 4 months posttreatment time point remained significant for the combined overtesting plus overstudying condition, set TS: 2 (3, 345) ϭ 8.19, p ϭ .0044, and the overtesting only condition, set T: 2 (3, 348) ϭ 22.45, p Ͻ .0001. There was no significant difference between the overstudying condition and the no overtraining condition, set S: 2 (3, 348) ϭ .99, p ϭ .3761. That is, the additional studying did not lead to improved performance compared with no additional practice.
Exploratory Analyses
Group chi-squared analyses were conducted to test our final hypothesis, that the combined overtesting plus overstudying (set TS) condition would lead to greater performance than would either the overtesting (set T) or overstudying (set S) condition alone. There was no significant difference between the TS set and the T 2 A pair was one test and one study block. Figure 1 . Paradigm used during treatment for test and study conditions. Study blocks simultaneously display the picture image and the written word and present the auditory name of the picture. The participant must name the image within 5,000 ms. Test blocks display the to-be-named picture on the screen for 5,000 ms, during which time the participant names the image out loud. Following the 5,000 ms, participants hear the auditory recording of the name of the image as feedback. This document is copyrighted by the American Psychological Association or one of its allied publishers.
set at either 1 month, 2 (3, 345) ϭ .82, p ϭ .4069, or 4 months, 2 (3, 345) ϭ 3.69, p ϭ .0661, following the end of treatment. However, the combined overtesting condition (set TS) did result in significantly greater word retention compared to the overstudying only condition (set S) at 1 month posttreatment, 2 (3, 345) ϭ 13.48, p ϭ .0003; this difference did not remain significant at the 4 months time point, 2 (3, 345) ϭ 3.54, p ϭ .0624. It is interesting that although not significant, performance was numerically greater in the overtesting only condition (set T) than in the combined overtesting plus overstudying condition (set TS) at both time points (1 month post: set T: .83, set TS: .79; 4 months post: set T: .82, set T: .74) and for all three participants.
Discussion
The results of this study suggest that overtesting can lead to better maintenance of the positive learning achieved following a program of anomia rehabilitation in persons with aphasia. More important, they demonstrate that continuing to study items learned may be of little or no benefit with regard to maintenance. The benefit of overtesting was maintained at least up to 4 months following the end of treatment. It is important to note that the paradigm resulted in lasting maintenance for all three participants, despite their differing levels of aphasia severity, lesion size and location, age, and handedness. A larger sample size might have revealed differential effects of some of these variables, and it would be important to examine them in the future. The finding of a test effect despite the differences among the participants is encouraging, because it suggests that its applicability could be extensive.
Overtraining and Dropout
In many treatment paradigms, overtraining may be unintentionally built into the procedure. Consider a typical treatment paradigm in which patients are attempting to learn 20 items. Practice continues until they are correct on a certain percentage of the items over two or three consecutive sessions. Note that as items are produced correctly, they continue to be practiced within the list of 20 items while the remaining items are learned. Thus, some items are actually overtrained. An alternative paradigm, which we employed in the current study, is to monitor performance on each of the individual items and to assign the item to one of the four overtraining conditions as it is learned, that is, produced correctly on two consecutive sessions. This latter design, which allows patients to concentrate on the more problematic items, may be more efficient, but it does not allow for the maintenance benefits of overtraining.
The finding here that periodic testing is more effective than is additional studying supports the use of a hybrid design that incorporates the best of both: Learned items can be dropped out to allow more time to be devoted to not-yet-learned items, but overtraining in the form of testing can be retained, allowing for greater maintenance of learning. This testing effect may actually have contrib- Note. Four blocks were run in every session. All items were initially "not yet learned" and appeared in all four blocks. After an item was "learned" (correct on two consecutive sessions), it was assigned to one of the four overtraining conditions. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
uted to the results of previous rehabilitation studies. Typical studies include regular probe tests. But these probe tests might be considered to be a form of treatment that would have effects upon the results of the study. That is, the possibility exists that additional testing is actually a cause of the improvement rather than a mere measure of performance. An additional feature of the design of this study that bears notice is the manner in which learned items are assigned to the four overtraining conditions. Good experimental design requires that conditions to be compared are equivalent on all relevant variables other than the one being examined (in this case, testing and/or studying). Relevant variables are those that might be expected to have some influence over the outcome. When the stimuli are words and the response is overt naming, relevant variables typically include word frequency, number of syllables, and so forth, that is, variables that are known to correlate with ease of naming. These correlations are based on normative samples and are reasonable estimates of the likelihood of successful naming for any given individual. However, they are indeed only estimates of the relative difficulty of items for a given individual. A more precise measure, specific to the individual participant, is the one used in the current study. The current study distributes items into the four training conditions on the basis of the session in which the participant learns the word rather than on normative data, providing the best measure of difficulty for that individual.
One finding of considerable interest is that the test and study condition did not result in greater retention than did the test only condition. In fact, for all three participants, at both the 1 month and the 4 months time points, the opposite occurred: The test only condition yielded better retention than did the test and study condition. Although the numbers are too small for statistical significance, the consistency of the finding is remarkable. How might this phenomenon be explained? The explanation that we favor has its roots in a study that compared constructing versus remembering the solution to a problem (Jacoby, 1978) . In that study, neurologically intact subjects learned word pairs. On some trials the solution had to be constructed, because only part of the second word was presented. On other trials the solution was provided, that is, both words were presented together and the subject had to simply read the second word. The finding of relevance to the present study is that retention was reduced when the construction trials were immediately preceded by the read only trials. It was surmised that the second word did not need to be constructed on those trials; it was "remembered" from the previous trial. In our test and study condition, study trials are alternated with test trials. Thus, the study trials may actually interfere with the test trials by providing the This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
participants with easier access to the correct response. The implications of this finding would be rather significant for designing cognitive treatment protocols: It may be desirable to avoid studying once an item is learned and concentrate solely on testing. The present study replicated previous findings on the benefit of retrieval practice (Rawson & Dunlosky, 2011; Roediger & Karpicke, 2006a) and extended the paradigm to a neuropsychological population. Previous research (Middleton et al., 2015) demonstrated the efficacy of retrieval practice during the relearning phase of language rehabilitation. The current study demonstrates how its implementation subsequent to relearning can enhance long-term maintenance.
The retention length of treatment benefits in the current study is encouraging for future rehabilitation studies, where performance gains are often temporary. Future treatment studies should aim to maximize the maintenance of positive findings by employing techniques that have been shown to be effective in learning and retention, such as overtraining, dropout, and testing. These techniques could plausibly be applied to the treatment of any linguistic or cognitive deficit-and indeed within the context of any treatment paradigm-where improved function following treatment but unsatisfactory maintenance of that improvement is seen.
